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c-Cbl is the E3 ubiquitin ligase that ubiquitinates the epidermal growth factor (EGF) receptor (EGFR). On the basis of
localization, knockdown, and in vitro activity analyses, we have identified the E2 ubiquitin-conjugating enzyme that
cooperates with c-Cbl as Ubc4/5. Upon EGF stimulation, both Ubc4/5 and c-Cbl were relocated to the plasma membrane
and then to Hrs-positive endosomes, strongly suggesting that EGFR continues to be ubiquitinated after internalization.
Our time-course experiment showed that EGFR undergoes polyubiquitination, which seemed to be facilitated during the
transport to Hrs-positive endosomes. Use of a conjugation-defective ubiquitin mutant suggested that receptor polyubiq-
uitination is required for efficient interaction with Hrs and subsequent sorting to lysosomes. Abrupt inhibition of the
EGFR kinase activity resulted in dissociation of c-Cbl from EGFR. Concomitantly, EGFR was rapidly deubiquitinated and
its degradation was delayed. We propose that sustained tyrosine phosphorylation of EGFR facilitates its polyubiquiti-
nation in endosomes and counteracts rapid deubiquitination, thereby ensuring Hrs-dependent lysosomal sorting.

INTRODUCTION

Plasma membrane proteins fulfill critical cellular functions
such as nutrient uptake, growth factor signaling, and cell
adhesion. There are many instances that, in response to
changes in extracellular inputs, they are targeted to or elim-
inated from the plasma membrane. Ubiquitin acts as a sort-
ing signal to down-regulate the functions of plasma mem-
brane proteins (Umebayashi, 2003; Mukhopadhyay and
Riezman, 2007). We showed previously that the yeast tryp-
tophan permease Tat2p is subject to ubiquitin-dependent
sorting that is accurately regulated by the tryptophan con-
centration in the medium (Umebayashi and Nakano, 2003).
It has been known that ubiquitin functions at three steps in
post-Golgi trafficking: internalization from the plasma mem-
brane, sorting into the interior of multivesicular bodies
(MVBs), and Golgi-to-vacuole/lysosome transport that by-
passes the plasma membrane.

In mammalian cells, endocytic trafficking of epidermal
growth factor receptor (EGFR) has been extensively studied

in the context of ubiquitin-dependent sorting. Upon ligand-
binding, the receptor’s intrinsic tyrosine kinase domain that
resides on the cytoplasmic side is activated, leading to au-
tophosphorylation at multiple tyrosine residues. The proto-
oncogene product c-Cbl, a RING finger-type ubiquitin ligase
(E3), is recruited to the activated receptor: the tyrosine ki-
nase-binding domain of c-Cbl interacts with the phosphoty-
rosine residue of EGFR (Thien and Langdon, 2001). Receptor
endocytosis by c-Cbl–mediated ubiquitination is considered
to be crucial to prevent oncogenesis, because it sorts the
receptor into the MVB lumen and thereby terminates the
growth factor signaling. It has been suggested that the sort-
ing step that absolutely requires EGFR ubiquitination is
entry into the MVB lumen (Duan et al., 2003; Grøvdal et al.,
2004; Ravid et al., 2004; Huang et al., 2006). Ubiquitination is
not necessarily required for EGFR internalization from the
plasma membrane, possibly because of the redundant routes
(Sigismund et al., 2005). In contrast, it is indispensable for
lysosomal sorting and subsequent degradation. On the en-
dosomal membrane, the sorting machinery such as hepato-
cyte growth factor-regulated tyrosine kinase substrate (Hrs)
and the endosomal sorting complexes required for transport
(ESCRTs) binds to ubiquitin and sorts ubiquitinated cargo,
including EGFR, into invaginating MVB vesicles (Katzmann
et al., 2002). It is envisaged that cargo has already been
conjugated with ubiquitin when it first encounters the sort-
ing machinery in endosomes and that the cargo remains
ubiquitinated while it undergoes the MVB sorting. How-
ever, it is not known whether the initial ubiquitination is
effective until the end of the sorting. It remains to be further
elucidated where and how the cargo ubiquitination occurs.

Previous studies showed that c-Cbl is relocated to endo-
somes upon epidermal growth factor (EGF) stimulation,

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E07–10–0988)
on May 28, 2008.
† Present address: Department of Biochemistry, University of Ge-
neva, Sciences II, CH-1211 Geneva, Switzerland.

Address correspondence to: Kyohei Umebayashi (Kyohei.Umebayashi@
biochem.unige.ch) or Tamotsu Yoshimori (tamyoshi@biken.osaka-u.
ac.jp).

Abbreviations used: EGFR, epidermal growth factor receptor; ES-
CRT, endosomal sorting complex required for transport; MVB, mul-
tivesicular body; NEM, N-ethylmaleimide.

3454 © 2008 by The American Society for Cell Biology



leading to the idea that EGFR ubiquitination in endosomes is
important for lysosomal sorting (Levkowitz et al., 1998;
Longva et al., 2002; Myromslien et al., 2006). However, it
should be noted that whether the endosomal pool of c-Cbl is
active in ubiquitinating EGFR is still not conclusive. An
important problem is that c-Cbl is not merely an E3 but is a
multifunctional adaptor protein interacting with many part-
ners, such as signaling proteins (Schmidt and Dikic, 2005).
Considering that the RING finger domain of c-Cbl interacts
with an E2 ubiquitin-conjugating enzyme, the site(s) where
EGFR is ubiquitinated by c-Cbl may well be identified by the
localization of the E2, which was not examined previously.
In this study, we focused on the E2 that is recruited to the
site where c-Cbl and EGFR are colocalized. We have uncov-
ered that Ubc4/5 is the E2 partner of c-Cbl and that Ubc4/
5-c-Cbl–mediated EGFR ubiquitination continues from the
plasma membrane to Hrs-positive endosomes. The ongoing
ubiquitination counteracts rapid deubiquitination and
seems to enhance polyubiquitination of EGFR during the
transport to endosomes. The obtained results also suggest
that the receptor polyubiquitination facilitates interaction
with the sorting machinery and subsequent degradation in
lysosomes.

MATERIALS AND METHODS

Cell Culture and Transfection
HeLa and HEK293T cells were grown in DMEM (Sigma, St. Louis, MO)
supplemented with 10% FBS (Invitrogen, Carlsbad, CA) and 4 mM l-glu-
tamine (Invitrogen). For HEK293T cells, collagen (type I)-coated dishes (Asahi
Techno Glass, Chiba, Japan) were used. CHO cells were grown in F-12
nutrient mixture (Invitrogen) with 10% FBS. In the following, we refer to
DMEM containing 4 mM l-glutamine or F-12 as the serum-free medium. For
transfection, the cells were incubated in Opti-MEM I reduced-serum medium
(Invitrogen) containing plasmid DNA, Lipofectamine (Invitrogen), and Plus
reagent (Invitrogen) for 2 h. Subsequently, the medium was replaced by the
serum-containing DMEM or F-12, and the cells were incubated for 12–18 h
before the experiment. Overexpression of EGFR tends to significantly delay
receptor degradation. Therefore, in Figure 6, Plus reagent was omitted to
avoid high-level expression of the receptor.

Plasmids
Plasmids expressing human EGFR, c-Cbl, and c-Cbl(C381A) were kindly
provided by Minsoo Kim and Tadashi Yamamoto (The University of Tokyo,
Tokyo, Japan). PCR-based mutagenesis was used to create EGFR(Y1045F).
Plasmids expressing FLAG-E2s were generous gifts from Noriyuki Matsuda
and Keiji Tanaka (Tokyo Metropolitan Institute of Medical Science, Tokyo,
Japan). Plasmids containing wild-type and mutant ubiquitin sequences were
kindly provided by Hiroshi Ohno (RIKEN Research Center for Allergy and
Immunology, Kanagawa, Japan), and the ubiquitin sequences were inserted
into pEGFP-N1 (Clontech Laboratories, Mountain View, CA) to express the
ubiquitin-green fluorescent protein (GFP) fusion proteins.

Reagents and Antibodies
All Alexa fluor dyes-conjugated reagents and murine natural EGF were
purchased from Invitrogen. The EGFR kinase inhibitor AG1478 was from
Calbiochem (San Diego, CA). Bovine ubiquitin was from Sigma (St. Louis,
MO). Recombinant human E1, UbcH5C, UbcH7, ubiquitin, and ubiquitin(no
lysines) were from Boston Biochem (Cambridge, MA). For fluorescent micros-
copy, the following antibodies were used. Mouse anti-EEA1 and mouse
anti-c-Cbl were from BD Biosciences (San Jose, CA) and rabbit anti-FLAG was
from Sigma. For immunoblotting, the following antibodies were used. Goat
anti-Ubc4 and rabbit anti-Cbl were from Santa Cruz Biotechnology (Santa
Cruz, CA), rabbit anti-UbcH7 was from Chemicon (Temecula, CA), goat
anti-GST was from GE Healthcare (Chalfont St. Giles, Buckinghamshire,
United Kingdom), rabbit anti-ubiquitin was from DakoCytomation (Kyoto,
Japan), HRP-conjugated mouse anti-phosphotyrosine PY20 was from BD
Biosciences, FK1 and rabbit anti-GFP were from MBL (Nagoya, Japan), and
mouse anti-�-tubulin was from Sigma. HRP-linked anti-mouse IgG, anti-
rabbit IgG, HRP-labeled protein A, ECL, and ECL Plus and ECL Advance
Western Blotting Detection System were from GE Healthcare. Affinity puri-
fied rabbit anti-Hrs (Raiborg et al., 2001) was used for fluorescent microscopy
and immunoblotting. Mouse anti-EGFR Ab-11 (Lab Vision, Fremont, CA) was
used for the nondenaturing immunoprecipitation and sheep anti-EGFR

(Fitzgerald, Concord, MA) for fluorescent microscopy, immunoblotting, and
the denaturing immunoprecipitation.

In Vitro Ubiquitination Assay
A central region of wild-type or C381A c-Cbl (amino acids 359–447) contain-
ing the RING finger domain was fused to glutathione S-transferase (GST)
using pGEX-6P-1 (GE Healthcare). Expression of the GST-fusion proteins in
Escherichia coli BL21 was induced with 0.4 mM IPTG at 30°C for 3 h. The cells
were lysed using B-PER Bacterial Protein Extraction Reagent (Pierce, Rock-
ford, IL), and the lysates were incubated with glutathione Sepharose 4B (GE
Healthcare) at 4°C for 2 h. The Sepharose beads were washed three times with
PBS containing 0.1% Triton X-100. Proteins bound to the beads were eluted
with elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM reduced glutathione),
and applied to PD-10 column (GE Healthcare) for buffer exchange. Aliquots in
50 mM Tris-HCl, pH 8.0, containing 50 mM NaCl, 1 mM DTT, and 10%
glycerol were frozen with liquid nitrogen and stored at �80°C.

For autoubiquitination, the reaction mixture (66 �l) containing 50 mM
Tris-HCl, pH 7.5, 1 mM DTT, 2.5 mM MgCl2, 4 mM ATP, 10 �g of bovine
ubiquitin, 100 ng of E1, 0.75 �g of E2 (UbcH5C or UbcH7), and 1 �g of
GST-RING (wild-type or C381A) was incubated at 30°C for 2 h. The reaction
was terminated by adding 15 �l of 6� SDS-PAGE sample buffer (without
DTT) and 9 �l of 1 M DTT and heating at 95°C for 5 min. After centrifugation,
the supernatant was subject to immunoblotting.

Fluorescence Microscopy
CHO or HeLa cells grown on glass coverslips were shifted to the serum-free
medium and incubated for 2 h. Then, the cells were stimulated with 100
ng/ml EGF or 1 �g/ml Alexa 647-EGF in the serum-free medium. At the
indicated time periods, the cells were washed three times with ice-cold PBS,
fixed with 3% paraformaldehyde in PBS for 20 min, and quenched with 50
mM NH4Cl in PBS for 10 min. The cells were permeabilized with 0.2%
saponin (ICN Biomedicals, Aurora, OH) in PBS for 10 min. Alternatively, the
cells were first permeabilized with 0.05% saponin in PEM buffer (80 mM
PIPES-KOH, pH 6.8, 5 mM EGTA, 1 mM MgCl2) on ice for 5 min and then
fixed. The permeabilized cells were incubated in blocking solution (0.1%
gelatin in PBS) and then stained with primary and secondary antibodies
diluted with the blocking solution. The coverslips were mounted in Vectash-
ield Hard Set Mounting Medium (Vector Laboratories, Burlingame, CA), and
the cells were observed with an Olympus FV1000 laser scanning confocal
microscope (Olympus, Tokyo, Japan). Colocalization of GFP-Cbl with Hrs or
EEA1 was quantitated using FV1000 analysis software FV10-ASW.

Immunoprecipitation of EGFR
HEK293T or HeLa cells grown in 10-cm dishes were starved for serum for 2 h
and stimulated with 100 ng/ml EGF in the serum-free medium for the
indicated time periods. The cells were washed once with ice-cold PBS plus 10
mM N-ethylmaleimide (NEM), covered with 425 �l of lysis buffer (50 mM
Tris-HCl, pH 7.6, 100 mM NaCl, 1% NP-40, 1 mM EDTA, 0.02% NaN3)
containing 1 mM Na3VO4, 10 mM NEM, the Complete (EDTA-free) protease
inhibitor cocktail (Roche Applied Science, Basel, Switzerland), 10 �M lacta-
cystin (Peptide Institute, Osaka, Japan), and 10 �M MG132 (Peptide Institute),
scraped with a rubber policeman and lysed on ice for 30 min. The cell lysate
was centrifuged at 1500 � g for 4 min, and 425 �l of the supernatant was
collected. Part of the supernatant (66 �l) was withdrawn and used as the
whole cell lysate, and the rest was used for nondenaturing immunoprecipi-
tation. The lysate was mixed with 20 �l protein G Sepharose 4 Fast Flow (GE
Healthcare) and rotated at 4°C for 30 min. The precleared supernatant corre-
sponding to 1 mg (HeLa) or 2 mg (HEK293T) proteins was filled up to 300 �l,
mixed with 10 �l mouse anti-EGFR Ab-11, and rotated at 4°C. After 2 h, 15 �l
protein G Sepharose 4 Fast Flow was added and the microtube was rotated at
4°C for 2.5 h. The immune complexes were washed four times with the lysis
buffer, resuspended in 100 �l 50 mM Tris-HCl, pH 6.8, plus 1% SDS, and
heated at 95°C for 5 min. Part of the supernatant was used for immunoblot-
ting to monitor coimmunoprecipitation. The rest, typically 55 �l, was subject
to denaturing immunoprecipitation. It was diluted 10-fold with the lysis
buffer containing 10 mM NEM and the protease inhibitor cocktail, mixed with
1.8 �l sheep anti-EGFR and 15 �l protein G Sepharose 4 Fast Flow, and
rotated at 4°C overnight. The immune complexes were washed four times
with the lysis buffer, resuspended in SDS-PAGE sample buffer, and heated at
95°C for 5 min. Immunoblotting images were acquired with the LAS-3000
imaging system (Fujifilm, Tokyo, Japan), and the band intensities were quan-
titated using Fujifilm Image Gauge Ver. 4.0 software.

Depletion of E2s
Ubc4/5 and UbcH7 were depleted by transfection with small-interfering
RNA. Among the Ubc4/5 family proteins, Ubc4, UbcH5B, and UbcH5C were
simultaneously depleted using sense sequence 5�-CAGUAAUGGCAG-
CAUUUGUTT-3� and antisense sequence 5�-ACAAAUGCUGCCAUUA-
CUGTT-3�. Note that, as reported previously (Saville et al., 2004), the target
sequence does not deplete UbcH5A. For UbcH7, sense sequence 5�-GGAC-
CGUAAAAAAUUCUGUTT-3� and antisense sequence 5�-ACAGAAUUU-
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UUUACGGUCCTT-3� were used according to the previous report (Verma et
al., 2004). As a control, the target sequence for luciferase was used: sense
sequence 5�-CAUACGCGGAAUACUUCGATT-3� and antisense sequence
5�-UCGAAGUAUUCCGAGUACGTT-3�. HeLa cells grown in a 10-cm dish
(30–50% confluent) were transfected with 600 pmol of double-strand RNA
using Lipofectamine RNAiMAX (Invitrogen). After 1-d incubation, the me-
dium was changed to the serum-containing one, and the cells were further
incubated for 1 d. Then, the cells were replated to 10-cm dishes and incubated
for 1.5 d. The serum starvation, EGF stimulation, and immunoprecipitation
were done as described above. The goat anti-Ubc4 antibody was precleared
by absorption with GST-UbcH5A (Boston Biochem), as reported previously
(Saville et al., 2004), and then used for immunoblotting.

RESULTS

Ubc4/5-c-Cbl–mediated EGFR Ubiquitination Continues in
Hrs-positive Endosomes
EGFR and GFP-Cbl were transiently expressed in CHO cells
lacking endogenous EGFR. EGF stimulation relocated GFP-
Cbl to the plasma membrane and then to endosomes, that
were enlarged by the expression of the GTP-form of
Rab5(Q79L) (Supplementary Figure 1). Endosomes are com-
posed of morphologically and functionally distinct mem-
brane domains (Gruenberg, 2001), and based on the enlarge-
ment of the GFP-Cbl–positive endosomes by Rab5(Q79L),
two early endosomal markers, Hrs and EEA1, were tested.
Endosomes marked by both Hrs and GFP-Cbl but not by
EEA1 were often observed (Figure 1, A and B), and the
quantitative colocalization analysis of 20 transfected cells
indicated that 76 � 11 and 54 � 12% (mean � SD) of
GFP-Cbl overlapped with Hrs and EEA1, respectively. Al-
though Hrs significantly colocalizes with EEA1 (Raiborg et
al., 2001), these two proteins indeed occupy distinct early
endosomal membrane domains, with Hrs being localized to
the site where ubiquitinated proteins are sorted to MVB
vesicles (Raiborg et al., 2002). Therefore, GFP-Cbl seems to

be preferentially localized to Hrs-positive membrane do-
mains in endosomes. We also examined the localization
without overexpression, using HeLa cells that express en-
dogenous EGFR. The cells were stimulated with EGF for 5
min, and endogenous c-Cbl, EGFR, and Hrs were stained.
Note that the incubation periods with EGF were different
from those in the experiments using the transfected cells, as
will be also shown in the following. We confirmed that c-Cbl
colocalized with EGFR as well as Hrs in endosomes (Figure
1B). These results suggest that, in endosomes, c-Cbl–medi-
ated EGFR ubiquitination coincides with MVB sorting.

To address whether c-Cbl is active in ubiquitinating EGFR
from the plasma membrane to endosomes, we examined the
localization of c-Cbl’s partner in the ubiquitinating reaction,
i.e., the E2 enzyme. It was reported that the RING finger
domain of c-Cbl interacts with UbcH7 (Yokouchi et al., 1999),
and the crystal structure of a c-Cbl-UbcH7 complex was
solved (Zheng et al., 2000). However, FLAG-UbcH7 was not
evidently localized to the endosomes marked by both GFP-
Cbl and the fluorescent EGF (Figure 2A). We further exam-
ined the localization of FLAG-tagged Ubc2, Ubc3, Ubc4,
UbcH5A, UbcH5B, UbcH5C, UbcH6, UbcH8, and Ubc13 and
found that the Ubc4/5 family proteins (Ubc4, UbcH5A,
UbcH5B, and UbcH5C) specifically colocalized with GFP-
Cbl in endosomes (Figure 2C and Supplementary Figure 2).
FLAG-UbcH5C colocalized with GFP-Cbl and EGF 2 min
after EGF addition in the plasma membrane (Figure 2B) and
after 15 min in intracellular punctae (Figure 2C). Phosphor-
ylated Tyr-1045 of EGFR serves as the direct c-Cbl–binding
site (Levkowitz et al., 1999). In CHO cells expressing the
EGFR(Y1045F) mutant, neither GFP-Cbl nor FLAG-UbcH5C
was drastically relocated to the EGF-positive endosomes

Figure 1. Localization of c-Cbl to Hrs-positive endosomes. (A)
CHO cells transiently expressing EGFR and GFP-Cbl were stimu-
lated with EGF for 20 min. The cells were permeabilized, fixed, and
stained for endogeneous Hrs and EEA1. (B) The insets in A are
shown at 3� magnification. Arrows indicate endosomes marked by
GFP-Cbl and Hrs, but not EEA1. (C) HeLa cells stimulated with EGF
for 5 min were permeabilized, fixed, and stained for endogeneous
c-Cbl, EGFR, and Hrs. Arrows indicate representative colocalizing
structures among c-Cbl, EGFR, and Hrs. Bars, 20 �m.

Figure 2. FLAG-UbcH5C colocalizes with GFP-Cbl and EGF in the
plasma membrane and endosomes. CHO cells were transiently
transfected with EGFR, GFP-Cbl, and the indicated FLAG-E2 plas-
mids and stimulated with Alexa 647-EGF for 2 or 15 min. In D, the
mutant EGFR(Y1045F) was expressed instead of the wild-type re-
ceptor. The cells were stained with the anti-FLAG antibody. Arrows
in B and C indicate representative colocalizing structures in the
plasma membrane and endosomes, respectively. Bar, 20 �m.
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(Figure 2D). This suggests that the endosomal localization of
FLAG-UbcH5C is dependent on the binding of GFP-Cbl to
EGFR. We noticed that the endosomal relocation of GFP-Cbl
was not completely abolished in cells expressing
EGFR(Y1045F): in Figure 2D, faint relocation was still ob-
served. This is probably due to another mode of binding be-
tween EGFR and c-Cbl, that is, c-Cbl binds to EGFR through
Grb2 (Jiang et al., 2003). Under our experimental condition, the
indirect binding mode seems to be insufficient to drastically
relocate GFP-Cbl and FLAG-UbcH5C to endosomes.

The localization results raise the possibility that c-Cbl, in
cooperation with Ubc4/5, ubiquitinates EGFR from the
plasma membrane to Hrs-positive endosomes. However,
this is apparently inconsistent with the previous reports that
c-Cbl interacts with UbcH7 (Yokouchi et al., 1999; Zheng et
al., 2000). We therefore examined the effects of the E2s’
knockdown on the receptor ubiquitination and degradation.

To deplete Ubc4/5 proteins simultaneously, an siRNA tar-
get sequence that matches those in Ubc4 and UbcH5B and -C
was selected according to the previous report (Saville et al.,
2004). The results are shown in Figure 3. First, specific de-
pletion of Ubc4/5 and UbcH7 was confirmed. EGFR was
immunoprecipitated under the denaturing condition (see
below in Figure 5), and the precipitates were blotted with
the anti-ubiquitin antibody. Strikingly, the receptor ubiquiti-
nation was severely inhibited by knockdown of Ubc4/5 but
not UbcH7. The anti-EGFR immunoblotting showed compa-
rable degradation rates in the control and UbcH7-depleted
cells. In contrast, the depletion of Ubc4/5 retarded the deg-
radation. The mean � SD values from three independent
experiments showed that 34 � 2.3, 77 � 10, and 31 � 3.8%
of EGFR were remaining at 60 min in control, Ubc4/5- and
UbcH7-depleted cells, respectively. Thus, the depletion of
Ubc4/5, but not UbcH7, inhibited both the ubiquitination
and degradation of EGFR. We examined the degradation at
30 min and obtained the same result (Supplementary Figure
3A). Also, as a control, another target sequence was tested
(Supplementary Figure 3B). It was recently reported that the
internalization routes of EGFR is affected by EGF concentra-
tions (Sigismund et al., 2005). We tested at a lower EGF
concentration (20 ng/ml), and found that the dependence of
the receptor ubiquitination on Ubc4/5 was not influenced
(Supplementary Figure 3C).

Among Ubc4/5 proteins, UbcH5A was not depleted in this
study. Nonetheless, the knockdown experiment successfully
retarded the ubiquitination and degradation of EGFR. This is
probably because UbcH5A is expressed at a lower level (Saville
et al., 2004). Alternatively, UbcH5A may not be inherently
involved in the c-Cbl–mediated EGFR ubiquitination. In the
case of I�B� ubiquitination, UbcH5B and -C are capable of the
conjugation but UbcH5A not (Gonen et al., 1999).

The colocalization and knockdown data strongly suggest
that c-Cbl ubiquitinates EGFR in cooperation with Ubc4/5
but not UbcH7. For further confirmation, we examined E2
dependence in an in vitro autoubiquitination assay using
GST-fused c-Cbl RING finger domain and purified compo-
nents. When UbcH5C was used as the E2, ubiquitin-conju-
gated GST-RING was detected as the high-molecular-weight
smear bands (Figure 4A, lane 1). The ubiquitination was
dependent on E1, UbcH5C, and ATP (Figure 4B). It has been

Figure 3. Ubc4/5, but not UbcH7, is required for ubiquitination
and degradation of EGFR. HeLa cells were depleted of Ubc4/5 or
UbcH7 using the corresponding double-stranded RNA. As a con-
trol, the luciferase sequence was used. The cells were stimulated
with EGF for the indicated time periods. The depletion was con-
firmed by the immunoblotting of the whole cell lysates. To detect
ubiquitin conjugates of EGFR, immunoprecipitation was done un-
der the denaturing condition.

Figure 4. UbcH5C cooperates with the c-Cbl RING in
vitro. (A) Wild-type or C381A RING finger domain of
c-Cbl was purified as GST-fusion, and its autoubiquiti-
nation activity was assayed by incubating with ubiq-
uitin, E1, E2 (UbcH5C or UbcH7), and ATP. After the
reaction, the samples were subject to immunoblotting.
(B) In A, the E1-, E2 (UbcH5C)-, or ATP-dependence
was examined.
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known that Cys-381 in the c-Cbl RING finger domain is
critical for the E3 activity (Joazeiro et al., 1999; Waterman et
al., 1999). In this assay, the C381A mutation abrogated the
UbcH5C-dependent autoubiquitination (Figure 4A, lane 2).
Notably, when UbcH7 was paired with GST-RING, the au-
toubiquitination activity was not detected (Figure 4A, lane
3). Thus, compared with UbcH7, UbcH5C efficiently cata-
lyzes the in vitro ubiquitination together with the c-Cbl
RING.

Taken together, we concluded that the Ubc4/5 family is
the primary E2 for the c-Cbl–mediated EGFR ubiquitination.
The localization of Ubc4/5 reinforces the notion that the
receptor ubiquitination proceeds after internalization.

Polyubiquitination of EGFR Is Required for Efficient
Sorting to Lysosomes
To examine whether the ubiquitin moieties of EGFR are
extended after internalization, a time-course analysis was
done using EGF-stimulated HeLa cells. EGFR was first im-
munoprecipitated under a nondenaturing condition to de-
tect its association with other proteins. To preserve protein–
protein interactions on the cytoplasmic side of the receptor,
the anti-EGFR antibody that recognizes the extracellular
domain was used for the immunoprecipitation. The aliquots
were denatured and again subject to EGFR immunoprecipi-
tation to exclusively detect ubiquitinated forms of the recep-
tor, not of any other associated proteins. All of the proteins
were detected at their endogeneous expression levels.

The anti-ubiquitin immunoblotting indicated that the
overall ubiquitination of EGFR reaches its peak at 5 min of
EGF stimulation (Figure 5). The immunoprecipitated EGFR
could also be detected by the polyubiquitin-specific anti-
body FK1 (Fujimuro et al., 1994), indicating that the receptor
is polyubiquitinated (Figure 5). The peaks of the overall
ubiquitination and polyubiquitination coincided at 5 min.
Considering the localization of EGFR and c-Cbl to Hrs-
positive endosomes at this time point (Figure 1C), it is likely
that ongoing receptor ubiquitination enhances the receptor
polyubiquitination after internalization. In the quantitative
Western blot of the immunoprecipitated EGFR at 5 min after
the stimulation, the anti-ubiquitin and anti-EGFR antibodies
showed mostly linear responses, whereas FK1 did not (Sup-
plementary Figure 4A). The nonlinear reactivity of FK1 ob-
scures the exact quantification of the polyubiquitination;
however, the increase in the FK1-positive signal between 1.5
and 5 min after EGF stimulation does indicate that receptor
polyubiquitination is promoted after internalization.

Coimmunoprecipitation of c-Cbl and Hrs with EGFR was
also examined (Figure 5). The amount of c-Cbl was increased
for up to 10 min and then decreased rapidly. Concurrently, the
ubiquitinated forms of EGFR were barely detectable after 20
min. The coimmunoprecipitation of Hrs was increased by EGF
stimulation and declined after 5 min. Therefore, during the
5–10-min period, EGFR begins to be dissociated from Hrs but
remains associated with c-Cbl. The receptor may be interacting
with another sorting component, and we have been trying to
detect binding between EGFR and the ESCRT-I component
Tsg101. However, probably due to the limited sensitivities of
the antibodies tested, detection of coimmunoprecipitated en-
dogeneous Tsg101 has been unsuccessful.

To explore the significance of the receptor polyubiquiti-
nation, a ubiquitin mutant in which all seven lysines are
mutated to arginines, designated as Ub(no Lys), was ex-
pressed. It has been suggested that overexpression of Ub(no
Lys) affects lysosomal sorting through the ubiquitin config-
uration of cargo, without exerting nonspecific effects (Barri-
ere et al., 2007). To monitor the expression, wild-type or the

mutant ubiquitin was fused to the N-terminus of GFP (Fig-
ure 6A). As reported previously (Tsirigotis et al., 2001), the
fusion protein is cleaved at the junction and the resultant
free GFP serves as an indicator of the ubiquitin expression.
We confirmed the detection of free GFP in cells expressing
Ub(WT)-GFP (Figure 6B). The processing was dependent on
the C-terminal two glycines of ubiquitin: when a mutant
ubiquitin lacking these residues, Ub(�GG), was fused to
GFP, no cleavage was detected (Figure 6B). To examine the
effects on ubiquitination and degradation of EGFR,
HEK293T cells, which express a low amount of endogeneous
EGFR, were transiently transfected with plasmids encoding
EGFR, c-Cbl, and either Ub(WT)-GFP or Ub(no Lys)-GFP.
Expression of Ub(no Lys) significantly decreased the FK1
reactivity of the immunoprecipitated EGFR (Figure 6C), in-
dicating that the receptor polyubiquitination is impaired.
The FK1 signals were not linear also in this experiment, and
the quantitative Western blot suggested that the extent of the
polyubiquitination was decreased to �25% by the expres-
sion of Ub(no Lys) (Supplementary Figure 4B). Despite the
weak FK1 signal, the anti-ubiquitin immunoblotting showed
that ubiquitin conjugation of EGFR is not compromised in
cells expressing Ub(no Lys) (Figure 6C). We confirmed that
this anti-ubiquitin antibody recognizes purified Ub(no Lys)
as efficiently as Ub(WT) (Figure 6D). Thus, as a result of
Ub(no Lys) conjugation, EGFR is likely to undergo multiple
monoubiquitination but not efficient polyubiquitination.
Notably, the Ub(no Lys) expression resulted in the lower

Figure 5. A time-course analysis of EGFR ubiquitination, tyrosine
phosphorylation and interaction with c-Cbl and Hrs. HeLa cells
were stimulated with EGF for the indicated time periods. The cell
lysates were subject to two rounds of EGFR immunoprecipitation.
c-Cbl, Hrs, and tyrosine-phosphorylated EGFR were detected from
the first, nondenaturing immunoprecipitates. Ubiquitin-conjugated
EGFR was detected from the second, denaturing ones.
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coimmunoprecipitation efficiency between EGFR and Hrs
(Figure 6C). Moreover, Ub(no Lys) retarded the degradation
rate of EGFR (Figure 6, E and F): the mean � SD values from
three independent experiments showed that 35 � 8.1 and
65 � 4.2% of EGFR were remaining at 45 min in cells
expressing Ub(WT) and Ub(no Lys), respectively. These re-
sults strongly suggest that the EGFR polyubiquitination fa-
cilitates interaction with the sorting machinery and subse-
quent sorting to lysosomes.

Sustained Tyrosine Phosphorylation Protects EGFR from
Deubiquitination and Ensures Lysosomal Sorting
Tyrosine phosphorylation of EGFR underlies its ubiquitination
by providing the binding sites for c-Cbl. The time-course anal-
ysis in Figure 5 supported this notion. First, the duration of the
receptor tyrosine phosphorylation, and the overall ubiquitina-
tion coincided: when the immunoprecipitated EGFR was
probed with the anti-phosphotyrosine antibody, the phosphor-
ylated receptor was clearly detected during the 1.5–10-min
period. The upper smear bands most likely represent ubiq-
uitin-conjugates of the phosphorylated receptor. The tyrosine
phosphorylation was evidently decreased after 10 min. Second,
concomitant with this decrease, reduced amounts of c-Cbl
were coimmunoprecipitated with EGFR. The decrease in the
tyrosine phosphorylation is unlikely to reflect receptor degra-
dation, because the anti-EGFR immunoblotting did not show
that the receptor was significantly degraded during the 10- and
20-min period. Thus, as previously reported (Burke et al., 2001),
dephosphorylation of EGFR seems to precede its degradation
in lysosomes.

The localization and time-course results support the idea
that EGFR is still subject to ubiquitination while it under-
goes ubiquitin-dependent sorting in endosomes. The sus-
tained tyrosine phosphorylation could well explain the re-
ceptor ubiquitination after internalization. To confirm this
hypothesis and to address the significance of the ongoing
ubiquitination, we tried to abruptly stop the c-Cbl–mediated
ubiquitination by adding the EGFR kinase inhibitor AG1478.
After HeLa cells were stimulated with EGF for 1.5 min,
DMSO or AG1478 was added to the medium, and the cells
were further incubated for 6 min. EGFR was subject to
nondenaturing and denaturing immunoprecipitation, as de-
scribed above. During the AG1478 administration, tyrosine
phosphorylation of EGFR was rapidly attenuated, and c-Cbl
was concomitantly dissociated from the receptor (Figure
7A). Therefore, after 1.5 min, further ubiquitin molecules
should not be conjugated to the receptor. Mere inhibition of
the receptor ubiquitination predicts that the ubiquitinated
status just before the AG1478 addition is maintained. How-
ever, the dissociation of c-Cbl by AG1478 resulted in the
dramatic loss of ubiquitin molecules that were conjugated to
EGFR during the first 1.5 min (Figure 7A). Similarly, Hrs
was dissociated from the receptor during the AG1478 treat-
ment (Figure 7A). The AG1478 administration retarded the
degradation of EGFR in a dose-dependent manner (Figure
7B), indicating that the receptor deubiquitination and disso-

Figure 6. Inhibition of polyubiquitination reduces EGFR-Hrs in-
teraction and delays the receptor degradation. (A) Schematic repre-
sentation of the ubiquitin–GFP fusion protein. Wild-type or lysine-
less ubiquitin was fused to GFP via a 13-amino acid linker
(MTVPRARDPPVAT). The possible cleavage site is between the last
glycine 76 of ubiquitin and the methionine of the linker (arrow-
head). (B) HEK293T cells transiently expressing Ub(WT)-GFP or
Ub(�GG)-GFP were lysed and subject to immunoblotting with the
anti-GFP antibody. An asterisk may represent monoubiquitin con-
jugation to the ubiquitin moiety of Ub(�GG)-GFP. (C) HEK293T
cells transiently expressing EGFR, c-Cbl, and the indicated ubiquit-
in–GFP fusion were unstimulated or stimulated with EGF for 10
min. EGFR was subject to two rounds of immunoprecipitation.
c-Cbl and Hrs were detected from the first, nondenaturing immu-
noprecipitates. Ubiquitin-conjugated EGFR was detected from the

second, denaturing ones. (D) Recombinant Ub(WT) and Ub(no Lys)
were detected using the anti-ubiquitin antibody. (E) HEK293T cells
transiently expressing EGFR, c-Cbl, and the indicated ubiquitin–
GFP fusion were stimulated with EGF for the indicated time peri-
ods. EGFR was detected after the immunoprecipitation. (F) Degra-
dation of EGFR was monitored as shown in E, and results from
three independent experiments were quantificated. In both Ub(WT)
and Ub(no Lys) expressing cells, the intensities at 0 min were set as
100%. The mean � SD values are shown.
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ciation from Hrs act against lysosomal sorting. The addition
of AG1478 after 1.5 min of EGF stimulation might be too
early; however, it should be noted that the duration of EGFR
ubiquitination is short in HeLa cells: the receptor was sig-
nificantly ubiquitinated at 1.5 min and the ubiquitination
declined after 5 min (Figure 5). For this reason, we added
AG1478 during the initial 5 min, while the receptor ubiquiti-
nation was increased. We also tried to do this experiment
using HEK293T cells transiently expressing EGFR. When
AG1478 was added at 10 min after EGF stimulation, the
same effects were observed regarding dephosphorylation
and deubiquitination of EGFR and dissociation of c-Cbl and
Hrs from the receptor (Supplementary Figure 5). Thus,
EGFR is susceptible to deubiquitination and dissociation
from Hrs upon the abrupt inhibition of its tyrosine kinase
activity. These results argue that the sustained tyrosine
phosphorylation maintains the c-Cbl–mediated EGFR ubiq-
uitination after internalization, thereby ensuring lysosomal
sorting of the receptor.

DISCUSSION

In this study, we have shown that Ubc4/5 is the partner of
c-Cbl and this E2-E3 pair is colocalized in the plasma mem-

brane as well as endosomes. This finding has advanced the
concept of ongoing EGFR ubiquitination after internaliza-
tion, highlighting the importance of determining the local-
ization of E2s. The obtained results strongly suggest that the
ongoing ubiquitination enhances polyubiquitination of
EGFR as the receptor is transported to endosomes, and that
the polyubiquitin chains are required for efficient lysosomal
sorting. It may be taken for granted that cargo proteins
remain ubiquitinated until a late step in the MVB sorting,
but our results argue that the ubiquitinated status of EGFR
is in fact maintained owing to the continuous ubiquitination.
The AG1478 treatment acutely dissociated c-Cbl from EGFR,
leading to the rapid deubiquitination and impaired degra-
dation of the receptor. This suggests that ubiquitinating and
deubiquitinating activities compete along the endocytic
pathway. A recent report has indicated that both ubiquiti-
nating and deubiquitinating activities are associated with
the proteasome probably to remodel ubiquitin chains of
substrates (Crosas et al., 2006). Therefore, it is likely that the
competition between the opposing activities is common to
both the ubiquitin–proteasome and endocytic pathways.

Polyubiquitination of EGFR During Endocytosis
It was thought that EGFR is subject to multiple monoubiq-
uitination (Haglund et al., 2003). Afterward, based on tan-
dem mass spectrometry, Sorkin’s group has reported that
both mono- and polyubiquitin are conjugated to the receptor
(Huang et al., 2006). Our results are consistent with the latter
report and underscore the importance of polyubiquitin moi-
eties on EGFR. It should be noted that Haglund et al. could
not detect EGFR polyubiquitination using FK1. We have
indeed detected the smear bands with the same antibody,
but the clear detection was dependent on the time after EGF
stimulation. We also found that the chemiluminescent FK1
signals were not in the linear range under our experimental
conditions: the signals were drastically reduced by the dilu-
tion of the samples. Therefore, it seems that the affinity of
FK1 is relatively low and detection of EGFR polyubiquitina-
tion using this antibody is particularly influenced by the
amounts of the loading materials.

The modest receptor degradation in cells expressing
Ub(no Lys) suggests that multiple monoubiquitination can
partially sort the receptor to lysosomes. Nonetheless, the
obtained results argue that the EGFR polyubiquitination
increases the efficiency of Hrs binding and subsequent lyso-
somal sorting. It has been reported that lysine63-linked
polyubiquitin chains facilitate the endocytic rates of some
cargo proteins (Galan and Haguenauer-Tsapis, 1997; Geetha
et al., 2005; Duncan et al., 2006; Barriere et al., 2007). Notably,
a structural study revealed that the ubiquitin-interacting
motif of Hrs has double binding sites for ubiquitin, suggest-
ing that one Hrs molecule binds to two ubiquitin moieties
within the same polyubiquitin chain (Hirano et al., 2006).
Consistent with this, Hrs preferentially binds to lysine63-
linked polyubiquitin chains in vitro (Barriere et al., 2007).
Considering that lysine63-linkages are most abundant
among the polyubiquitin chains on EGFR (Huang et al.,
2006), our results strongly suggest that this type of polyu-
biquitin linkage acts as a lysosomal sorting signal of EGFR,
highlighting the emerging concept that the ubiquitin config-
uration is important in endocytosis.

The Ubc4/5 Family as the Partner of c-Cbl
Despite the previous reports that c-Cbl interacts with UbcH7
(Yokouchi et al., 1999; Zheng et al., 2000), the results pre-
sented here did not provide evidence that UbcH7 is crucial
for the c-Cbl–mediated EGFR ubiquitination. Rather, we

Figure 7. Inhibition of tyrosine phosphorylation leads to rapid
deubiquitination of EGFR. (A) HeLa cells were stimulated with EGF
for 1.5 min, and then AG1478 was added to the medium at a final
concentration of 4 or 20 nM. As a control, an equal volume of DMSO
was added. The cells were further incubated for 6 min. EGFR was
subject to two rounds of immunoprecipitation. Tyrosine-phospho-
rylated EGFR, c-Cbl, and Hrs were detected from the first, nonde-
naturing immunoprecipitates. Ubiquitin-conjugated EGFR was de-
tected from the second, denaturing ones. (B) HeLa cells were treated
as described in A. After the addition of DMSO or AG1478, the cells
were further incubated for 58.5 min to monitor EGFR degradation.
As a control, cells were lysed before EGF stimulation. EGFR was
detected by the immunoblotting of the whole cell lysates.
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have shown that Ubc4/5 is the partner of c-Cbl. The E3
activity of c-Cbl was originally identified in an in vitro
ubiquitination assay using Ubc4 as an E2 (Joazeiro et al.,
1999). Furthermore, in vitro reconstitution of EGFR ubiquiti-
nation showed that either UbcH5B or UbcH5C can support
the reaction (Levkowitz et al., 1999). Our conclusion is con-
sistent with these reports. The amino acid residues in UbcH7
that contact the c-Cbl RING domain, which are positioned in
the E2’s L1 and L2 loops (Zheng et al., 2000), are conserved
in Ubc4, UbcH5A, UbcH5B, and UbcH5C. Indeed, Ubc4
binds to GST-RING(c-Cbl) in a pulldown assay (Joazeiro et
al., 1999). The c-Cbl RING can thus bind to both Ubc4/5 and
UbcH7. Importantly, evidence is accumulating that binding
analyses do not always identify functional E2-E3 pairs. First,
as many as 11 E2s can interact with the RING domain of the
E3 BRCA1, but not all of them can support BRCA1 auto-
ubiquitination in vitro (Christensen et al., 2007). Second,
increasing the affinity between an E2 (Cdc34) and a RING-
type E3 (Cdc4) rather impaired the ubiquitinating activity
(Deffenbaugh et al., 2003). The authors proposed “Hit and
Run” model: rapid release of ubiquitin-charged Cdc34 from
Cdc4 is required for efficient ubiquitination. To conjugate
ubiquitin molecules to distal lysine residues and/or termini
of polyubiquitin chains, flexible positioning of E2 should be
advantageous. This idea is very intriguing given that EGFR
rapidly undergoes polyubiquitination and many lysine res-
idues serve as ubiquitin acceptor sites (Huang et al., 2006).

Despite the binding between purified Ubc4 and GST-
RING (c-Cbl; Joazeiro et al., 1999), we failed to reliably detect
coimmunoprecipitation between full-length c-Cbl and
UbcH5C. This might indicate that c-Cbl and Ubc4/5 do not
interact in vivo. However, we favor the emerging concept
that E2-E3 interaction is transient and weak. It may well be
difficult to identify functional E2–E3 pairs on the basis of
binding, and here we have provided three lines of evidence
(localization, knockdown, and in vitro activity analyses) ar-
guing that Ubc4/5 is the partner of c-Cbl. Therefore, we are
negative about the possibility that the failure to detect spe-
cific coimmunoprecipitation invalidates our conclusion.

Tyrosine Phosphorylation and Ubiquitin-dependent
Sorting of EGFR
Internalized receptor tyrosine kinases remain phosphory-
lated in endosomes, leading to signal transduction from
endosomes (Sorkin and von Zastrow, 2002). As shown here,
the sustained tyrosine phosphorylation also underlies the
ongoing EGFR ubiquitination. Thus, while tyrosine phos-
phorylation transduces the signal from EGFR, it facilitates
lysosomal sorting of the receptor. It is plausible that tyrosine
phosphorylation has dual, opposing functions so that the
EGF signaling is not prolonged. It has been known that the
sorting machinery such as Hrs and annexin 1 are tyrosine-
phosphorylated in response to EGF, to ensure EGFR degra-
dation and to stimulate inward vesiculation in multivesicu-
lar endosomes containing EGFR, respectively (White et al.,
2005; Stern et al., 2007). The Hrs phosphorylation is depen-
dent, at least in part, on Src family kinases (Bache et al., 2002;
Row et al., 2005). Hrs also undergoes ubiquitination (Hoeller
et al., 2006), and the possibility that its ubiquitinated status is
regulated by the tyrosine phosphorylation remains to be
explored.

Notably, when the ongoing EGFR ubiquitination was in-
hibited by AG1478, the receptor deubiquitination was accel-
erated. The identity of the responsible deubiquitinating en-
zyme(s) remains to be revealed. UBPY and AMSH have been
shown to deubiquitinate EGFR in vitro and to be implicated
in receptor deubiquitination during endocytosis (McCul-

lough et al., 2004; Mizuno et al., 2005; Agromayor and Mar-
tin-Serrano, 2006; Kyuuma et al., 2006; Row et al., 2006; Ma et
al., 2007). It is possible that they compete with c-Cbl in
endosomes. Also, other endosomal and/or cytosolic deubiq-
uitinating enzymes may well act on EGFR especially when
c-Cbl is inappropriately dissociated from the receptor.

While the sustained tyrosine phosphorylation underlies
the ongoing ubiquitination, dephosphorylation of EGFR
may facilitate its deubiquitination by eliminating the bind-
ing site for c-Cbl. The dephosphorylation process is not fully
understood, but receptor-type protein tyrosine phospha-
tase-� has been shown to dephosphorylate activated EGFR
(Xu et al., 2005). This phosphatase is a transmembrane pro-
tein that orients the catalytic domain in the cytosol, suggest-
ing that EGFR dephosphorylation occurs, at least partially,
before MVB sorting. Dissociation of the EGF–EGFR com-
plex, which is triggered by acidification of the endosome
lumen, would enhance the receptor dephosphorylation. The
timing of the acidification in the context of MVB sorting
remains to be elucidated. However, the localization of ES-
CRT-I, -II, and -III components to late endosomes (Bache et
al., 2003, 2006; Slagsvold et al., 2005) raises the possibility
that dissociation of EGF from EGFR is commenced while the
receptor is interacting with ESCRTs, leading to receptor
dephosphorylation and deubiquitination before entry into
MVB vesicles.
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